The pathophysiology of unstable angina (UA) has not been fully elucidated. Ischemic attacks are associated with reduction in coronary blood flow and occlusion of a major coronary branch (1, 2) attributed to thrombosis and/or related vasoconstriction at the site of "active" (3) atherosclerotic plaques that have been observed in a high prevalence of patients with unstable conditions (41% to 75%) (4 -7) .
According to classical concepts, focal increases in coronary resistance should be associated with compensatory vasodilation at the level of microcirculation (8) . However, experimental studies have shown that this is not the case during prolonged severe ischemia (9, 10) . Moreover, indirect evidence suggests the occurrence of a microvascular vasoconstriction in patients with stable or unstable angina (11) (12) (13) . Finally, elegant studies documented that substances released during platelet aggregation can constrict coronary microvasculature in the presence of atherosclerotic endothelial dysfunction (14) .
These observations emphasize the need for a better understanding of the role of microcirculatory vasomotor tone during episodes of UA. To this purpose, simultaneous evaluation of blood flow changes together with proximal and distal coronary pressures are required. This information can now be obtained by intracoronary Doppler technology and pressure tip guidewires (15) , and the vasomotor tone of coronary microcirculation can be characterized during acute ischemia in patients with UA.
METHODS

Study population.
Ten patients with Braunwald class III B UA (16) , candidates for coronary angioplasty (mean age, 61 Ϯ 11 years), were included in the study. Inclusion criteria were as follows: 1) recent appearance of angina pectoris on effort and at rest (average duration, 26 Ϯ 15 days); 2) electrocardiographic documentation of transient ischemia in the coronary care unit (CCU) in the day preceding revascularization; 3) no previous myocardial infarction; 4) angiographic documentation of one-vessel coronary artery disease (left anterior descending, left circumflex or right coronary artery in seven, two and one patient, respectively); 5) preserved global left ventricular (LV) function; and 6) absence of arterial hypertension and/or LV hypertrophy. Exercise stress test, performed before admission in the CCU, was positive in all patients. All patients agreed to participate in the study after being informed of the partially investigative nature of the protocol, which was approved by the local ethical committee.
Study protocol. All patients were studied after an overnight fast, under active treatment with oral diltiazem 60 mg three times a day, isosorbide mononitrate 20 mg three times a day (every 8 h) and aspirin. In patients with stenosis of the left circumflex or right coronary artery, a 5F unipolar pacing catheter was placed in the right ventricle. In all patients, a bolus of heparin (10,000 IU) was injected intravenously (IV) and a 0.014-in. angioplasty guidewire was advanced distally to the stenosis through an 8F guiding catheter. Thereafter, a 0.014-in. fiberoptic pressure-monitoring guidewire (Pressureguide; Radi Medical Uppsala; Sweden) was set at zero, calibrated and positioned distal to the stenosis as previously described (17) . Finally, a 2.5F Doppler-tip catheter (Millar instruments, Inc.; Houston, Texas) was placed by means of a 0.014 in. guidewire in the prestenotic segment. Care was taken not to have visible side branching between the tip and the stenosis and to place the catheter in the center of the lumen to maintain a stable flow-velocity signal.
The following signals were monitored continuously and recorded on paper: 1) four electrocardiographic leads (D 1 -D 2 -D 3 , V 4 ); 2) phasic and mean aortic pressure; 3) phasic and mean distal coronary pressure; and 4) phasic and mean coronary blood flow velocity. Stable blood flow and hemodynamics were verified for at least 5 min before baseline recordings were obtained.
Adenosine (2 mg) was selectively injected into the diseased artery through the Doppler catheter. Patients were then observed for 30 min; within this time frame, six patients developed angina and ST segment elevation. In three and three patients ischemia, defined as ST-T segment shift, occurred 5 to 10 and 15 to 20 min, respectively, following adenosine infusion. In the remaining patients, transient ischemic attack was induced by hyperventilation. All ischemic episodes were reverted by intracoronary injection of isosorbide dinitrate 0.4 to 0.6 mg.
Before angioplasty, Doppler catheter was removed while pressure wire was maintained in place. In all patients, coronary angioplasty was successful; placement of a coronary stent was needed in 7 of 10 patients for an optimal angiographic result. All patients became asymptomatic thereafter.
Data analysis. Recordings (2.5 cm/s) were obtained at the following times: 1) baseline; 2) 30 s after adenosine; 3) appearance of ST segment shift and/or angina; 4) maximum ST segment shift; 5) after nitrates; 6) following restoration of baseline coronary hemodynamics; and 7) during the first balloon inflation.
Vessel diameter at the catheter tip and stenosis severity were measured by quantitative angiography as previously described (18) at baseline, following intracoronary adenosine, during ischemia, during balloon inflation and after recovery. Lesion configuration was evaluated according to the criteria of Ambrose et al. (19) .
Coronary stenosis resistance index was calculated as the ratio between mean transstenotic pressure gradient and mean blood flow velocity. Coronary microvascular resistance index was calculated as the ratio between mean distal coronary pressure and mean blood flow velocity. Blood flow and resistance indexes were expressed as percent of baseline values.
Statistical analysis. All data are expressed as mean values Ϯ1 SD. Analysis of variance, followed by Newman-Keuls procedure for multiple comparisons and repeated measures, was used to compare heart rate, arterial and distal coronary pressures, raw values of both mean blood flow and coronary resistance indexes at the various stages of the protocol. Linear regression analysis was performed by least squares method. A probability p value Ͻ0.05 was considered significant.
RESULTS
Electrocardiogram and hemodynamics. Heart rate, systolic and diastolic aortic pressure remained stable throughout the study (Fig. 1) . Baseline electrocardiogram was normal in all patients; angina was associated with ST segment elevation in V 4 in four of seven patients with stenosis of the left anterior descending coronary artery and in D 3 in one patient with stenosis of the left circumflex artery; ST segment depression was observed in the remaining five patients. In all patients, electrocardiographic alterations during the study were similar to those observed in the coronary care unit and were reproduced by balloon coronary occlusion in all patients but two who showed ST segment elevation during angioplasty and depression during angina.
Left ventriculography showed mild-to-moderate dyssynergy in jeopardized regions in 4 of 10 patients. Left ventricular ejection fraction was 0.52 Ϯ 0.05. Coronary artery stenosis showed complex configuration in 7 of 10 patients; average area reduction was 91% Ϯ 5%. At basal angiography, no patient had complete coronary occlusion or visible collaterals. Coronary diameter at the Doppler tip did not show significant variations throughout the study. During ischemia, an angiographic pattern suggestive of complete or incomplete coronary occlusion was observed at the site of epicardial stenosis in 6 and 4 of 10 patients, respectively. Average duration of ischemia (from the appearance of ST segment shift to its recovery) was 148 Ϯ 62 s; the first balloon inflation was prolonged to 120 s in all patients.
Blood flow velocity and distal pressure. Flow velocities are shown in Figure 2 . At baseline, average blood flow Figure 1 . Behavior of heart rate (top), systolic and diastolic arterial pressure (bottom) at baseline, during adenosine (ADN) in the first 30 s following the appearance of ST segment shift (early ischemia) at maximum ST displacement (max ischemia), early after intracoronary administration of nitrates (early rec), at restoration of baseline hemodynamics (full rec) and during balloon coronary occlusion. Circles connected by the thicker line represent average, vertical lines show SDs. Heart rate and arterial pressure remained relatively stable throughout the study. A progressive decline in flow velocity preceded ST segment displacement and angina, reaching its minimum, at maximum ST segment shift (23% Ϯ 21% of baseline, p Ͻ 0.05 vs. baseline and adenosine, Figs 2 to 4). In no case was complete cessation of forward blood flow observed. At maximum ST changes, flow velocity was similar in patients with or without transient coronary occlusion (18% Ϯ 21% vs. 12% Ϯ 10% of baseline, respectively, NS). After nitrates, flow velocity normalized in all patients (104% Ϯ 17% of baseline, p Ͻ 0.05 vs. adenosine and ischemia).
Mean distal coronary pressure was 60 Ϯ 15 mm Hg at baseline and decreased to 48 Ϯ 15 mm Hg (p Ͻ 0.05 vs. baseline) during adenosine, and to 46 Ϯ 20 mm Hg during ischemia (p Ͻ 0.05 vs. baseline, NS vs. adenosine). Distal coronary pressure declined at the beginning of ischemic episode and remained stable afterwards despite the further progressive decline of blood flow. Balloon inflation was associated with an abrupt fall in distal coronary pressure that remained stable throughout coronary occlusion; average value was 14 Ϯ 7 mm Hg and was markedly (p Ͻ 0.05) lower than at baseline, during adenosine vasodilation and, more importantly, during spontaneous ischemia (Fig. 2) . When repeated inflations were performed, distal pressure consistently dropped to a level similar to the one measured during the first inflation. Fractional flow reserve (16) was not correlated with the angiographic severity of coronary stenosis (r ϭ 0.1, NS).
Coronary resistance indexes.
Intracoronary adenosine did not significantly affect stenosis resistance, which decreased slightly to 76% Ϯ 24% of baseline (NS) (Fig. 5) . During ischemia, the decrease in coronary flow velocity was paralleled by an increase in transstenotic pressure gradient; accordingly, the stenosis resistance increased to 1,233% Ϯ 1,298% of baseline (p Ͻ 0.05 vs. both baseline and adenosine). Intracoronary nitrates restored the stenosis resistance to 101% Ϯ 26% of baseline (p Ͻ 0.05 vs. ischemia).
The increase in blood flow following intracoronary adenosine was associated with a parallel decrease in microvascular resistance to 52% Ϯ 22% of baseline (p Ͻ 0.05 vs. baseline) (Fig. 5) . By contrast, during ischemia, the decrease in blood flow was not associated with the expected microcirculatory vasodilation. Under this condition, coronary microvascular resistance markedly increased up to 671% Ϯ 652% of baseline (p Ͻ 0.05 vs. both baseline and adenosine), and distal pressure was maintained at a similar value as during adenosine administration. Intracoronary nitrates restored baseline microvascular resistance value (to 104% Ϯ 20% of baseline, p Ͻ 0.05 vs. ischemia, p Ͻ 0.05 vs. adenosine).
DISCUSSION
The major finding of the present study is the recognition of an increased coronary microvascular resistance during ischemic attacks in patients with unstable conditions. This finding is not in agreement with the traditional view of a maximal compensatory vasodilation in the ischemic territories. By contrast, this observation strongly supports the hypothesis that spontaneous ischemia can be associated with a microvascular constriction and suggests abnormalities in distal coronary vasomotion can contribute to the precipitation and maintenance of ischemia in UA.
Coronary blood flow reduction during spontaneous ischemia. In the present study, blood flow velocity markedly decreased during ischemia in all patients. Since arterial diameter at the tip of Doppler catheter did not significantly change throughout the study, velocity changes reflected blood flow variations. Thus, in agreement with previous studies (20 -22) , the present data document a severe flow reduction during transient ischemia in patients with UA. During ischemia, distal pressure was only slightly reduced. Elevated poststenotic pressure despite a marked reduction in flow might reflect either feeding of ischemic territory by collateral flow (23) or increased microvascular resistance (24) . However, the contribution of collateral circulation is challenged by the fact that distal pressure decreased at a very lower level during balloon coronary occlusion and related ischemia. Moreover, the low value of distal pressure during balloon inflation, which is indicative of vascular closing pressure at zero flow, makes unlikely the possibility that the observed increase in resistance during ischemic episodes would have been produced by an increase in tissue pressure due to ischemic wall distortion and increased LV end-diastolic pressure (24) .
Obviously, the increased transstenotic pressure gradient, associated with a decreased flow, indicates a rise in resistance of epicardial obstruction (25) . Although the mechanisms (active vasoconstriction, intermittent platelet aggregation or thrombosis) remain elusive, the present study document that this phenomenon "per se" cannot fully explain the pathophysiology of resting angina. According to the classical concept of autoregulation, the pressure drop caused by the increase in stenosis resistance should have been couterbalanced by a compensatory dilation of coronary microvessels and thus by a reduction of distal resistance (8) . By contrast, transient ischemia was associated with an increase in distal resistance up to 8 times the baseline and almost 13 times the minimal (adenosine) values. Thus, distal vasoconstriction explained almost half of the increase in global resistance (Fig. 5) . The driving pressure in distal coronary bed was similar during ischemia and during vasodilation. Nevertheless, following adenosine, the same pressure was able to push forward approximately 13 times more blood volume into microcirculation than during ischemia. Thus, together with the very low value of coronary pressure during coronary angioplasty, the increase in calculated distal resistance strongly suggests the presence of an intense active microvascular vasoconstriction during ischemia. The transmural distribution of the vasoconstriction remains undefined.
Mechanisms underlying coronary vasoconstriction during ischemia. The evidence of a microcirculatory vasoconstriction during ischemia is not entirely new. An intense microvessel constriction during prolonged severe ischemia (9,10) has been observed in canine myocardium. In humans, an increase in coronary resistance has also been documented during ischemia induced by atrial pacing tachycardia (13) . In patients with UA and intracoronary thrombi, Wilson et al. (11) observed the occurrence of ischemia and slow run-off of contrast medium immediately after coronary angioplasty; since no transstenotic gradient was measured, Figure 1 . Bottom panel shows the behavior of total coronary resistance and the contribution of stenosis (black) and microvascular resistance (white columns). Coronary resistance was not calculated during balloon coronary occlusion. During ischemia, both coronary stenosis and distal microcirculation showed a significant increase in resistance to flow (* ϭ p Ͻ 0.05 vs. baseline, † ϭ p Ͻ 0.05 vs. adenosine; § ϭ p Ͻ 0.05 vs. max ischemia).
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Coronary Microvessels in UA the authors could only suspect a microvascular vasoconstrictor response to thrombus-derived agents. Actually, it is now well recognized that substances such as serotonin vasodilate the normal coronary circulation, while this effect is turned to vasoconstriction in the presence of atherosclerotic endothelial damage (14) . In this line, intermittent ischemia might reflect mural thrombosis and release of substances able to vasoconstrict microvessels (26, 27) . Alternatively, vasoactive signals not linked to coronary thrombosis might be responsible for coronary vasoconstriction. Actually, endothelial dysfunction impairs microvascular adaptation to ischemia (28) , and constrictor response to reduced intraluminal pressure has been described in isolated microvessels (29) . Similarly, ischemia mediated by activation of postsynaptic alpha 2 -receptors has been documented in anesthetized dogs (30) . Potent coronary vasoconstrictors such as neuropeptide-Y (31) and endothelin (32) are more effective on distal vessels than on large arteries. In this line, Zeiher et al. (33) recently documented a greater endothelin-I immunoreactivity in unstable rather than stable coronary plaques. The vasoconstrictor response to these substances might have been exaggerated by atherosclerotic endothelial dysfunction at the level of both coronary plaque and distal microvasculature (34) through a reduced NO release further aggravated by the decreased flow velocity and shear stress (35) .
Finally, whether a distal vasoconstriction was present also during "balloon ischemia" remains an open question. In fact, due to the method used, the absence of flow during balloon inflation prevents the possibility to assess microvascular tone through computation of vascular resistance; however, the low distal pressure value during balloon coronary artery occlusion reflects only the integrated effect of collateral circulation and tissue pressure and cannot exclude vasoconstriction in the absence of flow.
Study limitations.
Several limitations of the present study deserve further discussion. All patients were evaluated during active treatment with aspirin, diltiazem, nitrates and heparin. This procedure, imposed by ethical considerations, might have interfered with blood flow regulation. However, although the present data cannot be directly extended to untreated patients, they point out that coronary vasoconstriction is not fully prevented by the conventional treatment of UA (36, 37) , while it promptly recedes following intracoronary nitrates.
The observation of ischemic ST segment elevation in 5 of 10 patients might indicate the presence of a highly selected population of patients with Prinzmetal angina (38) . However, inclusion criteria were in line with the definition of unstable angina (16) and all patients had a severe stenosis and positive exercise stress test. Moreover, the same behavior of microvascular resistance was observed regardless of the type of electrocardiographic alterations.
Theoretically, the presence of guidewires across the stenosis and of two catheters in the proximal vessel might have contributed to the precipitation of coronary spasm. However, this kind of instrumentation was not associated with the development of transient ischemia in 13 patients with stable angina pectoris evaluated by De Bruyne et al. (15) at the time of coronary angioplasty. Similarly, in our experience, no transient ischemia was observed in nine patients with stable angina evaluated with a similar protocol (39) . However, the functional severity of the stenosis might have been overestimated by the presence of guidewires.
As opposed to previous studies, a poor correlation was observed between angiographic and functional estimates of stenosis severity (coronary flow reserve or fractional flow reserve) (17, 40, 41) . This finding might be ascribed to the selection of patients with a very severe stenosis characterized by a significant pressure gradient at rest. The skewness of stenosis severity in so small a patient sample distribution might have hampered the recognition of a correlation. Alternatively, it should also be considered that measurements of either coronary reserve or parameters related to transstenotic pressure gradient describe the severity of a coronary stenosis only in the presence of normal maximal distal vasodilation (16) . In the present study, the microvascular dysfunction either primary (42) or caused by repetitive ischemia (43) might have affected vasodilating capability altering maximal flow capacity.
CONCLUSIONS
The present study documents the relevance of the microcirculatory vasomotor tone in the pathogenesis of myocardial ischemia. Because of the small number of patients and possible selection biases, this study does not allow verification of the exact prevalence of the microvascular vasoconstriction in general populations of patients with UA. Thus, these findings need further confirmation by different techniques and laboratories. However, in agreement with previous studies (11) (12) (13) 42, 44) , these data challenge the common view that exclusively attributes the genesis and course of myocardial ischemia to phenomena confined at the level of epicardial obstruction. The relevance of coronary stenosis as a major factor in the pathogenesis of myocardial ischemia is unquestioned. Procedures that remove its impact-such as coronary artery bypass grafting or coronary angioplastyare strongly effective in reducing the occurrence of ischemic episodes. However, it is worthwhile to note that the altered control of distal coronary tone may aggravate the effects of epicardial obstruction to such an extent that, according to the present study, is equivalent to a second stenosis of similar severity. The present data do not allow verification of the mechanisms underlying this paradoxical behavior; however, they document the lack of the physiologic autoregulatory response worsening the severity of flow impairment in the ischemic vascular bed. Identifying the mechanisms of the altered control of vasomotor tone, during ischemia, might allow a more accurate identification of patients who will develop UA and the development of more specific forms of anti-ischemic therapy. At present the most used vasoactive drugs are most effective on large epicardial arteries; in fact, direct arteriolar vasodilators may precipitate ischemia by coronary steal. The identification of the mechanisms underlying this paradoxical microvascular vasoconstriction and thus of specific substances able to prevent it might provide a more efficient pharmacologic strategy especially for those patients who cannot benefit from coronary revascularization.
